Applying accurate normal load to a specimen in direct shear tests under constant normal stiffness (CNS) is of importance for the quality of the resulting data, which in turn influences the conclusions. However, deficiencies in the test system give rise to a normal stiffness, here designated as system normal stiffness, which results in deviations between the intended and actual applied normal loads. Aiming to reduce these deviations, this paper presents the effective normal stiffness approach applicable to closed-loop control systems. Validation through direct shear tests indicates a clear influence of the system normal stiffness on the applied normal load (13% for the test system used in this work). The ability of the approach to compensate for this influence is confirmed herein. Moreover, it is demonstrated that the differences between the measured and the nominal normal displacements are established by the normal load increment divided by the system normal stiffness. This further demonstrates the existence of the system normal stiffness. To employ the effective normal stiffness approach, the intended normal stiffness (user defined) and the system normal stiffness must be known. The latter is determined from a calibration curve based on normal loading tests using a stiff test dummy. Finally, a procedure is presented to estimate errors originating from the application of an approximate representation of the system normal stiffness. The approach is shown to effectively reduce the deviations between intended normal loads and the actual applied normal loads.
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Introduction
The presence of joints influences the stability of rock masses, as well as the structural integrity of geotechnical structures. A critical failure mode affecting the structural integrity in geotechnical structures is joint shearing. The shear strength of rock joints is affected by several factors such as joint roughness, compressive strength of the joint surface, matedness, scale of the sample, possible infilling materials, and the loading conditions. These factors are, therefore, important to consider in the work investigating the shear process of rock joints. However, on basis of both technical and economic considerations, research from tests in full-scale environments is difficult (Bandis et al. 1981) . Consequently, much of the work relies on data from laboratory testing. Extensive laboratory work of varying topics has been carried out to understand the shear process of rock joints. Examples illustrating this variety are morphological characterization reported by Badt et al. (2016) , Davidesko et al. (2014) , Gasc-Barbier et al. (2012) , and Grasselli et al. (2002) . Kulatilake et al. (2016) and Xia et al. (2003) exemplify studies on joint stiffness parameters and closure deformation. Work investigating the shear strength of the interface between the rock and surrounding materials is represented by Johnston and Lam (1989) , Koupouli et al. (2016) , Krounis et al. (2016) and Li et al. (2015) . Asadizadeh et al. (2018) conducted an experimental study on non-persistent joints. Indraratna et al. (2014) performed characterization of asperity deformation. Xia et al. (2018) carried out an empirical study on shear behaviour. Finally, much work is reported on the development of shear strength models to which Bahaaddini (2016) , Casagrande et al. (2018) , Johansson and Stille (2014) , Kumar and Verma (2016) , Shrivastava and Seshagiri Rao (2018) , and Zhu et al. (2019) serve as examples. In summary, these numerous examples illustrate the extent of research performed on joint shearing. However, what is common to them is that they presume that the data from direct shear tests are accurate and that the quality of the data is unaffected by errors introduced by the shear test setup. Two common configurations in direct shear tests are constant normal load (CNL) and constant normal stiffness (CNS). CNL conditions appear in slope stability problems, while CNS conditions appear in underground excavations (Thirukumaran and Indraratna 2016) . The quality of the data from direct shear tests is of fundamental importance for drawing accurate conclusions. This work presents an approach to be applied to test setups before direct shear tests are carried out under CNS conditions. The aim of the approach is to improve the quality of the shear test data, prior to subsequent analyses.
In CNS tests, the applied normal load simulates the effect of the stiffness of the surrounding rock mass as the joint dilates during shearing. The normal load in the CNS tests can be applied by mounting a physical spring between the specimen holder and the frame of the test setup. In test setups with closed-loop control, a physical spring is not needed. Instead, the effect of the physical spring is simulated by the control system by entering the normal stiffness as an input value for the relation between dilatancy and normal load. Through comparisons between the true and desired load response, the actuator continuously adapts the normal load to account for the effect of the dilatancy (Jiang et al. 2004 ).
Since the available space around the joint is limited, it is difficult to measure the dilatancy directly. In many cases, this implies that the measurement points of the displacement transducers cannot be located close to the joint. This in turn leads to the risk that other displacements are measured, in addition to those directly related to joint dilatancy. Therefore, the test system must be as stiff as possible. In this work, "test system" refers to all components between the measuring points of the displacements transducers. "Test setup" is defined as a broader conception and refers to the control system and the complete hardware, which, for example, includes the loading frame and the actuators. Hence, the "test system" is a part of the "test setup". The necessity of having a stiff test system for proper recording of test data is stated in ISRM "Suggested Method for Laboratory Determination of the Shear Strength of Rock Joints" (2014). Herein, tests using a high stiffness dummy, i.e., a steel specimen, are proposed to enable calibration of test systems. However, in the literature, the information is limited about how to carry out calibrations and whether calibrations have been employed to the test systems (Barla et al. 2010; Liu et al. 2017; Haberfield and Szymakowski 2003; Moradian et al. 2013; Rao et al. 2009; Hans and Boulon 2003) . In work by Jiang et al. (2004) , graphs of the normal stress versus normal displacement from CNS tests were presented. By comparing the slopes of the graphs, which correspond to the normal stiffnesses, with the applied stiffness settings, it was concluded that the desired stiffness was obtained with good accuracy. Packulak et al. (2018) conducted 42 direct shear tests under CNS conditions aiming to provide guidelines on boundary condition selection for direct shear laboratory tests. They identified overturning moments as the normal load moves away from the centre of the specimen as a potential source of error. A second identified potential source of error was sample rotation potentially causing tensile fracturing on the edge of the sample in the shear direction, which in turn would result in the machine outputting a lower stress than what is physically occurring on the sample. However, the influence of the stiffness of the test system was not discussed. In Chryssanthakis (2004) , a steel test dummy encapsulated in epoxy was loaded in CNL condition. The recorded normal displacement, capturing the total deformations in the test system, was used for calibration. This was done by correcting the displacements recorded in tests using rock material with recorded normal displacements using the steel test dummy. A similar approach was reported by Dae-Young et al. (2006) . In summary, even though rarely reported, an approach exists on how to calibrate test systems with respect to the normal stiffness under CNL conditions. However, no approach exists how to perform such calibrations under CNS conditions. The increase in normal load in CNS tests should be proportional to the dilatancy, but this is not the case in reality, since test systems are not infinitely rigid. The influence of the stiffness of the joint and specimen material on the dilatancy is well known. However, in addition to these stiffnesses, a test system consists of several other, undesired, but unavoidable, stiffnesses that in total sum up to what in this paper is designated as the system normal stiffness. Upon loading, the system normal stiffness gives rise to deformations, which, for example, could have their origin in imperfections in contact surfaces and in the stiffnesses of the materials between the locations where the normal displacement is measured by the displacement transducers. The existence of a system normal stiffness reduces the normal displacement. This, in turn, results in a lower normal load being applied compared to what should be the case if the dilatancy would only result from the joint stiffness and the specimen material.
It is of importance to correct for the influence of the system normal stiffnesses to control the quality of the results from CNS tests. In this paper, a novel and practicable approach is presented on how to correct for the existence of the system normal stiffness in CNS tests, when using test setups with closed-loop control. The presented results apply only to the specific test system used in this work to validate the approach. However, the approach is applicable to arbitrary test systems. Employing the approach, first, the system normal stiffness of the test system is measured, and then, a new stiffness value that compensates for the influence of the system normal stiffness before direct shear tests are carried out is calculated. The new stiffness value shall be set as input to the control system. This value differs from the user-defined normal stiffness and is required to reduce the deviation between the normal load that is intended to be applied over the joint and the normal load that would actually be applied without compensation. The influence from factors that do not originate from the stiffness of the joint specimen is thus reduced. As such, the accuracy of the test results will be improved, which implies an improved reliability in the usage of the test results in subsequent work related to understanding and explaining the shear process.
In Sect. 2, spring models representing the test setup are presented. From the models, the effective normal stiffness approach is derived, which sums up to an expression from which the normal stiffness to be set as input to the control system can be calculated. Section 3 describes the two-step experimental procedure required to validate the approach. The first step describes the normal loading test required to derive the system normal stiffness, which then is used to calculate the input to the control system. The second step describes the validation of the effective system normal stiffness approach, through the execution of direct shear tests under CNS conditions using a specimen with known joint dilatancy angle. In Sect. 4, the results from the normal loading test and the validation of the effective normal stiffness approach are presented. A step-by-step procedure on how to estimate the normal load error using the secant system normal stiffness instead of the measured continuous system normal stiffness is presented in Sect. 5 along with an illustrative example. The findings are discussed in Sect. 6, with conclusions forwarded in Sect. 7.
Description of the Effective Normal Stiffness Approach
The concept of joint stiffness is ambiguous, since there is neither a clear definition about where the joint ends and where the rock matrix starts, nor how much rock matrix is required to eliminate boundary effects. The approach described here does not intend to define or allow possibilities to measure the joint stiffness, yet the intention is solely to reduce the impact of undesired displacements originating from the system normal stiffness. The intended normal stiffness, k ns , is the stiffness normally set as input to the control system that simulates the effect of the stiffness of the surrounding rock mass as the joint specimen dilates during shearing. Accordingly, with reference to Fig. 1a , a shear test setup with a linear spring model with a stiffness k ns , can be expressed as the ratio between the applied normal load, N, and the total normal displacement, δ n : However, since test systems are not infinitely stiff, an additional stiffness, namely a system normal stiffness, k sys , has to be included. It derives from the deformations of the (1) k ns = N n . Fig. 1 a Illustration of a spring with stiffnesses k ns , subjected to a load N, yielding a normal displacement δ n . b Under the influence of the stiffness k sys , the stiffness k eff is required to achieve the same total stiffness of k ns as in a test system up to the locations where the normal displacement is measured by the displacement transducers. What contributes to k sys is dependent on where the displacement transducers are located, which varies with the design of the test system. k sys could, for example, originate from displacements in the grouting, the contact area between the encapsulating grout and the specimen holder, as well as from the contact area between the specimen holders and the supporting plates. During shearing the normal load on the joint specimen should be directly related to the dilatancy, which is the normal displacement that should be measured by the displacement gauges. However, the effect of k sys makes the test system less stiff, and consequently, smaller normal displacements than those solely resulting from the dilatancy will be measured. As a result, the normal load applied over the joint is lower, when compared to the case including only the dilatancy and k ns . To compensate for this reduction, the test setup should be represented with a model consisting of two springs in series, where one spring represents k sys and the other an effective normal stiffness, k eff , that should be set as input to the control system. k eff is the stiffness required to apply the same normal load over the joint under the influence of k sys , as would result from the existence of only k ns (Fig. 1b) . It is to say that the stiffness of the spring models in Fig. 1a , b should be equal, which when expressed in displacements leads to:
This relation can also be expressed as:
Solving for k ns yields:
(2) n = n1 + n2 .
(3)
The physical interpretation of the parameters k ns , k sys , and k eff in Eq. (4) is illustrated in Fig. 2 .
A k eff of higher magnitude than k ns is required to achieve k ns over the joint, in the existence of k sys . Equation (4) is of the same form as an equation presented by Heuze (1979) . The equation by Heuze (1979) included the intended normal stiffness and the stiffness of the joint itself, for the purpose of calculating the incremental normal stress from an incremental shear displacement. In this case, as mentioned previously, the intention with this work is to reduce the impact of undesired displacements in which the joint stiffness is not included. As such, solving Eq. (4) for k eff yields:
In summary, to use the effective normal stiffness approach, first, a test from which k sys can be derived must be carried out. This is done using a stiff test dummy in a normal loading test. Then, k sys and the user defined k ns are inserted in Eq. (5) to calculate k eff . This value is then inserted as stiffness value to the control system in direct shear tests under CNS conditions.
Experimental Validation of the Effective Normal Stiffness Approach

Experimental Setup
A DSH-300 direct shear testing setup manufactured by GCTS with a normal and shear load capacities of 300 kN was used in the tests. The shear and normal loads were measured by two load cells (model SW30-100K-B000, Class
(4), that states that in the existence of the system normal stiffness, k sys , instead an effective normal stiffness, k eff , shall be set as input in the control system to achieve the intended normal stiffness, k ns , over the specimen 1 in accordance with ISO 7500-1) manufactured by Tovey Engineering Inc. The normal displacements were measured by four displacement transducers (D5/100AG, D6/02500A), and the shear displacements by one displacement transducer (MD5/500AG-L25), which are all manufactured by RDP Electronics. The normal displacements were presented as the mean displacement from the four displacement transducers. The shear testing setup was equipped with a closed-loop control.
A steel specimen with the dimensions of 100 × 100 mm (length x width) was used as a dummy for two distinct purposes: (a) in the normal loading tests for the derivation of k sys and (b) in the experimental validation of the approach through direct shear tests under CNS conditions. The dummy specimen consisted of two halves forming a planar joint with an angle of inclination of α = 1.8° in the shear direction (Fig. 3a) . The specimen halves were fixed to the respective ring-shaped specimen holders with encapsulating grout (Fig. 3b ). Having a defined angle of inclination implies that the nominal dilatancy is also known, from which the nominal normal stress can be calculated.
Experimental Procedure
As a first step in the approach, k sys must be derived. This derivation is accomplished by replacing the test specimen with a very stiff test dummy, with all other components in the test system maintained the same as for subsequent CNS direct shear tests. Then, the test system with the very stiff test dummy is subjected to a normal loading test. The slope of the normal load versus the normal displacement graph from this test is denoted as k sys and represents the stiffness of the test system, i.e., all factors contributing to the stiffness, except from those originating from the joint specimen that will be used in the CNS direct shear tests. As mentioned, k sys varies between different test systems, and any change in the conditions affecting the factors related to it prompts for a new normal loading test under these new conditions. For example, changes in the thickness of the grout of the shear test specimen could be a factor when using different specimen sizes.
With the steel specimen mounted in the test system ( Fig. 2) , normal loading tests were first carried out. It is to say that a prestress of approximately 0.1 MPa was applied, followed by four load cycles between 0.5 and 12 MPa at a rate of 10 MPa/min. k sys was derived as the slope of the normal stress versus normal displacement curve. Subsequently, k eff was calculated from Eq. (5) using the derived value of k sys , along with the user defined k ns .
Second, having solved k sys for the test system, direct shear tests under CNS conditions were carried out to validate the approach. The effect of using k eff as input to the control system was evaluated through comparison with the outcome from a test with k ns as input. The steel dummy specimen was utilized in these tests, as well. Since its dilatancy angle is known, it is possible to calculate the nominal normal displacement versus the shear displacement. This also means that for a given stiffness set as input to the control system, the nominal normal stress versus shear displacement can be calculated, as will be shown in Sect. 4. By comparing the calculated nominal response with the results from two tests using k eff and k ns , respectively, it is possible to evaluate the influence of k sys for this specific test system under the normal loads applied in this work. It is also possible to evaluate the ability of the effective normal stiffness approach to reduce the influence of the existence of k sys . An initial normal stress, σ n0 = 5 MPa, was applied at a rate of 5.0 MPa/ min. Then, shearing was carried out at a constant shear displacement rate of 0.5 mm/min until a shear displacement, δ s , of approximately 8 mm was reached. During shearing, the size of the contact area was continuously monitored by the control system, as a prerequisite for obtaining correct magnitudes on the shear and normal stresses throughout the duration of the tests.
Results
Derivation of the System Normal Stiffness from the Normal Loading Tests
As mentioned in Sect. 2, to employ the effective normal stiffness approach k sys must be known. k sys is equal to the slope of the relationship between normal stress, σ n , versus normal displacement, δ n , from normal loading tests using a stiff test dummy. This relationship can thus be viewed as a Fig. 3 a Schematic illustration of the cross section of the specimen with an angle of inclination α, at a shear displacement δ s , corresponding to a normal displacement, δ n . b One of the halves of the steel specimen used in the validation tests, fixed with encapsulating grout to the ring-shaped specimen holder so-called calibration curve. The shape of the joint in the test dummy is arbitrary if no lateral displacements take place during the normal loading test, since such conditions will yield the same k sys . An ideal option is to use a test dummy with a plane joint perpendicular to the normal load. However, the test dummy in this case was chosen to have a linear joint with an angle of inclination, which required demonstration that the derived k sys was not dependent on the shear displacement position. Normal loading tests were, therefore, carried out at three different shear displacements: 0, 5, and 10 mm. Due to the inclination of the joint in the specimen dummy, the starting positions for the recording of the normal displacement varied with the shear displacement. k sys was determined in terms of the secant stiffness for the normal stress interval of 5-10 MPa for all four load cycles (Fig. 4) . This interval was considered to be representative of typical normal stresses occurring in real applications, but any interval could have been chosen for the validation of the approach. Application of this approach only requires k sys to be derived for a normal load interval on the calibration curve that at least covers the interval of normal loads occurring in the subsequent direct shear tests under CNS conditions. To clarify the differences between the loading cycles, the values of k sys are shown in Table 1 . In loading, an initial observation is that the specimen was conditioned after the first cycle. It was observed that k sys is constant within 0.2 MPa/mm regardless of shear displacement, which corresponds to a precision better or equal to 0.3% in relation to the lowest obtained stiffness value from load cycles 2-4. The corresponding value for unloading is k sys within 0.3 MPa/ mm, corresponding to a precision better than or equal to 0.5%.
A second observation is that the results show similarities, such that they are non-linear, but in unloading, the slopes are steeper in the beginning of the unloading cycle compared with the corresponding load interval in loading. As the lower turning point is approached, the conditions become opposite. Therefore, k sys is higher in unloading than in loading for the chosen evaluation interval (5-10 MPa). One explanation could be the recovery effect in the stiffness components in unloading from the maximum load. This could result in a lag in the response of the normal displacement as the normal load decreases.
A third observation is that k sys increases with increasing shear displacement independently of load cycle; about 10% in loading and about 6% in unloading between 0 and 10 mm displacement. It is such that the tests were run to a fixed upper limit with respect to a normal stress of 12 MPa. Since area correction was accounted for in the tests, the implication was that the normal load decreased with increasing shear displacement. This resulted in a reduced normal displacement with increasing shear displacement. Consequently, for Fig. 4 Results from normal loading tests evaluated at three different fixed shear displacements: 0, 5, and 10 mm (from right to left). All four load cycles are plotted, but after the first load cycle, the specimen had been conditioned and load cycles 2-4 cannot be distinguished in the graphs. k sys was determined in terms of the secant stiffness for the normal stress interval 5-10 MPa, as indicated by the dashed line (to increase the readability, it is only plotted for the fourth load cycle at zero shear displacement Table 1 System normal stiffness, k sys , in terms of secant stiffness values, derived in the stress interval 5-10 MPa from data in Fig. 4 ; presented for each load cycle at shear displacements of 0, 5, and 10 mm a fixed stress interval and a normal displacement decreasing with increasing shear displacement, an increasing k sys expressed in MPa/mm with increasing shear displacement is obtained. When expressing k sys in normal load instead of in normal stress, an interval of 470-474 kN/mm in loading is obtained, which corresponds to a difference equal to 0.9%. The measured values are shown in Table 2 . Since the unloading started at different load levels in combination with the non-linear characteristics, the secant normal stiffness in unloading varies with the shear displacement (526-547 kN/ mm). Consequently, the differences in k sys evaluated at different shear displacement positions are just apparent and are an effect of the evaluation made in terms of normal stress with area correction. Accordingly, expressing k sys in normal load removes these differences.
A value of k sys equal to 47.1 MPa/mm, corresponding to the fourth load cycle at zero shear displacement was chosen due to the following reasons. First, since the normal load in CNS direct shear tests normally monotonically increases, the proper choice was judged to be to derive k sys from loading. Second, zero shear displacement was used because for this displacement k sys expressed in MPa/mm correlates to the stiffness expressed in kN/mm. This is of importance; since it is the normal load, the test system is subjected to that determines k sys , rather than the normal stress over the joint. Finally, as the reason to carry out load cycles was to condition the specimen to obtain stable stiffness properties, it was reasonable to use the fourth (last) load cycle for k sys . As mentioned above and as seen in Table 1 , stability was achieved since the second load cycle. Alternatively, the average value from load cycles 2-4, could have been used, but given the high precision of the Table 2 Measured values of normal stress, σ n , normal load, N, and normal displacement, δ n , demonstrating that the variations of the system normal stiffness, k sys , expressed in MPa/mm, with the evaluation position are apparent and a consequence of accounting for area correction. This is concluded by comparing the bold val-ues of k sys expressed in MPa/mm with those expressed in kN/mm. k sys expressed in MPa/mm clearly increases with evaluation position regardless of loading cycle, but k sys expressed in kN/mm remains constant within 0.9% for loading cycles 2-4. Consequently, expressing k sys in kN/mm removes the variation results (0.3% as mentioned previously in this section), it would not have any practical influence on the conclusions from this study. For the specific case of zero shear displacement, the values from load cycles 2-4 were identical. In summary, the results show that the shear position does not have any practical influence on k sys , which allows using the derived figure of k sys in the validation of the approach in the next section with confidence.
Direct Shear Tests
Having determined k sys , the next step was to derive k eff to be used in the direct shear tests for the validation of the approach. k ns is user defined and was chosen as 15.0 MPa/mm in this study. This value along with k sys = 41.7 MPa/mm when inserted in Eq. (5) yields k eff = 22.0 MPa/mm. Moreover, two direct shear tests were carried out: one with the input value of k ns = 15.0 MPa/mm and the other with k eff = 22.0 MPa/mm. Through comparison, it would be possible to quantify the difference in normal stress and to get an indication of how well the application of k eff would compensate for the existence of k sys . By plotting the measured values of σ n with the measured δ s , there is a difference of about 13% in normal stress at the end of the shear test (Fig. 5) . This observation is a direct effect of the influence of using different stiffness values as inputs in the control system. The undulations seen in the graphs originate from small irregularities in the initial match of the joint surfaces.
Then, the question of which input value produces a response that has a better correlation with the known nominal response was derived. Knowing α, with reference to Fig. 3a , the nominal response of the normal stress, σ n_nom , was calculated as: From Eq. (6), the nominal response of the normal stress, σ n_nom , can be calculated, which would have been obtained in a direct shear test under CNS conditions with k ns = 15.0 MPa/mm set as input value to the control system if k sys did not exist. The calculated nominal response is plotted in Fig. 5 . It can be seen that the graph showing the experimental results using k ns = 15.0 MPa/mm as input to the control system falls below the calculated nominal response, which indicates the existence of k sys . It can also be seen that the measured response using k eff = 22.0 MPa/mm as input matches the calculated nominal response well, which shows the ability of the effective normal stiffness approach to correct for the influence of the normal system stiffness. As seen in Fig. 5 , for the specific test system used in this work, there is a difference of 13% in normal stress at the end of the test. This is the error that would be present in a direct shear test under CNS conditions for the same normal stress interval, if not compensated for by giving k eff as input to the control system instead of k ns .
The existence of k sys , and the need for compensating for it by applying k eff , has just been demonstrated with respect to σ n . With the intention to further validate the approach of effective normal stiffness, the effect on δ n was also investigated. In Fig. 6 , the solid line of the measured δ n versus δ s from the direct shear test with k eff = 22.0 MPa/mm falls below the line of the nominal angle of inclination equal to 1.8°. It is mentioned in Sect. 2, that a test system under CNS conditions can be considered as consisting of two stiffness components: k eff and k sys . It has been shown previously that by applying k eff = 22.0 MPa/mm, a good agreement between the applied normal stress and the calculated normal stress (6) n_nom = k ns s tan + n0 . (Fig. 5 ). Consequently, if k eff = 22.0 MPa/mm yields correct normal stress, but, at the same time, yields lower normal displacements than the known nominal normal displacements, the difference in normal displacements between the graphs should then originate from the influence of k sys and be equal to n − n0 ∕k sys . This relation derives from the spring analogy, from which the displacement equals the normal stress increment over the stiffness. If this assumption is true, this means that the total nominal normal displacement due to the known nominal dilatancy could be calculated as:
The calculated nominal response obtained by applying Eq. (7) to the measured response is represented by the dashed line in Fig. 6 . Accordingly, the second term on the right side of Eq. (7) has been added to the measured normal displacements. The calculated nominal response correlates with the nominal angle of inclination, which is the response that would have been obtained if k sys did not exist. It has been demonstrated that the difference between the measured response using k eff = 22.0 MPa/mm and the nominal angle of inclination corresponds to the second term on the right side of the equals sign in Eq. (7). Accordingly, the difference originates from the existence of k sys , which further strengthens the validity of the effective normal stiffness approach.
In summary, applying the effective normal stiffness approach implies that more accurate but higher normal loads will be applied in direct shear tests under CNS condition. However, due to the existence of k sys , the measured normal displacements will also be lower than those originating only from the dilatancy related to the stiffness of the joint (7) n_nom = n + n − n0 k sys .
specimen. Therefore, before using the test data in subsequent work related to the shear process, the effect of k sys on the normal displacement should be compensated for. As demonstrated through Eq. (7), compensation can be effectuated by adding the normal stress increment divided by the system normal stiffness to the measured normal displacements in the direct shear test.
Error Estimation Procedure
Background Description
The validation of the effective normal stiffness approach, presented in Sects. 3 and 4, was done using stiffness units (ML −2 T −2 ), such as MPa/mm. It does not imply any limitations in what has been presented so far. However, it should be noted that a small specimen subjected to a high normal stress would not necessarily imply a high normal load with respect to the capacity of the test system, and a large specimen subjected to a low normal stress could imply a high normal load. Therefore, from a test system perspective, it is the normal load, rather than the normal stress, that is of importance for the system normal stiffness. Deriving k sys from the secant system normal stiffness implies that it will deviate from the measured continuous system normal stiffness in case of a non-linear behaviour. In addition, k sys could vary with the normal load interval which it is derived from. For a test system with a non-linear characteristic as in Fig. 7 , deriving k sys from the load interval 10-24 kN yields a system normal stiffness of 350 kN/mm, while using 35-70 kN yields 589 kN/mm. This means that normal load errors could occur, in the application of k eff . The errors could occur if the actual normal loads in a shear test are outside the interval from which the system normal stiffness has been derived. Errors could also occur within Fig. 6 The normal displacement, δ n , versus the shear displacement, δ s , indicating a discrepancy between the nominal angle of inclination and the measured response using k eff = 22.0 MPa/mm as input value for the normal stiffness in the control system. Through calculation using Eq. (7), it is shown that the difference originates from k sys the interval dependent on how much the secant system normal stiffness deviates from the true continuous shape of the normal load over the system normal displacement (Fig. 8 ). This means that there is a need for a procedure to estimate a potential normal load error, which will be presented in Sect. 5.2.
Procedure
The various steps required to estimate the normal load error originating from the usage of k sys approximated by the secant system normal stiffness are presented. The steps are presented along with an illustrative example. Possible model errors using Eq. (5) are, however, not covered within this procedure.
Step 1 Derive a calibration curve for the test system. Carry out a normal loading test using a stiff test dummy specimen as described in Sect. 4.1 (Fig. 9 ). The maximal normal load shall be higher than the normal loads that will be present in the direct shear tests. This is necessary to cover the stiffness characteristics of the test system for the whole working range of expected normal loads. The calibration curve shall be derived as the normal load, N, versus the system normal displacement, δ sys_n .
Step 2 Fit a polynomial, N(δ sys_n ), to the calibration curve. The resulting polynomial expression for the example presented in Fig. 9 is: Fig. 7 The influence of the evaluation interval on the secant system normal stiffness based on the normal loads. A normal load interval 10-24 kN yields 350 kN/mm, while 35-70 kN yields 589 kN/mm Fig. 8 Detail of the graph in Fig. 7 , illustrating that errors in the application of an effective normal stiffness could occur due to deviations between the normal load, as predicted by the secant system normal stiffness (marked dot dashed), and the measured actual normal load from the system displacement characteristics of the test system (marked solid). Deviations could occur outside the derivation load interval of 10-24 kN, as well as inside of it
Step 3 Obtain the continuous representation of the system normal stiffness, k sys_cont , by deriving N(δ sys_n ), which, in the case of Eq. (8), yields:
In Fig. 10 , k sys_cont calculated with Eq. (9) is illustrated. k sys_cont increases with δ sys_n monotonically up to about 0.25 mm. Fitting polynomials provides very good estimates for interpolated values of the independent variables (inside the range within the polynomial coefficients were derived), as illustrated in Fig. 10 . However, if estimates outside this range are sought, a new polynomial fit covering the expected normal displacement range is required. Step 4 Identify the normal loads and corresponding system normal displacements, from which k sys will be calculated. The system normal displacements originating from the system normal stiffness are obtained from the calibration curve. Note that these displacements are not the same as the total normal displacements recorded in direct shear tests using a rock or replica specimen, which include the normal displacements originating from the dilatancy. Using the normal load interval 10-24 kN in Fig. 8, which shows an enlarged part of the calibration curve in Fig. 7 , as an example; 10 kN corresponds to 0.055 mm, and 24 kN corresponds to 0.095 mm.
Step 5 Derive k sys in the interval determined by the normal loads and system normal displacements identified in Step 4. In this example k sys = 350 kN/mm (Figs. 7, 8) .
Step 6 Calculate the normal load error, ΔN, caused by the difference between employing the secant normal stiffness, k sys , and the continuous system normal stiffness, Fig. 9 Measured calibration curve from normal load test with a third-degree polynomial fit to the measured data Fig. 10 k sys_cont , derived from the polynomial in the example in Fig. 9 k sys_cont . Integrate the system normal stiffness with respect to the system normal displacement. The lower integration limit is the system initial normal displacement, δ sys_n0 , and the upper integration limit is an arbitrary system normal displacement, δ sys_nend , corresponding to the normal load for which the error shall be calculated. The general expression for ΔN, due to the inclusion of k sys instead of using k sys_cont , is For this example, the indefinite integral becomes, From Eq. (11), it is possible to calculate the normal load error for an arbitrary N end corresponding to δ sys_nend . For the specific example used here (N 0 = 10 kN corresponding to δ sys_n0 = 0.055 mm and k sys = 350 kN/mm). As a first example, δ sys_nend = 0.095 mm yields ΔN = -1.9 kN, corresponding to N end = 24 kN, (Fig. 8) , which is the upper limit of the interval for the normal load in which k sys was derived. This means a normal load 1.9 kN higher than the normal load from k ns if this stiffness would have been applied over the specimen. The explanation is that applying k sys = 350 kN/mm for the normal displacement interval 0.055-0.095 mm implies a lower estimate of the system normal stiffness than it actually is. Therefore, when using a lower value than the actual for k sys in the calculation of k eff using Eq. (5), the consequence is that a higher value of k ns , than that used in Eq. (5) would be applied in reality. This is a consequence of giving k eff a fixed value as input to the test system, regardless of possible errors in the estimation of k sys .
(10) ΔN = sys_nend ∫ sys_n0 k sys d n − k sys_cont d n d n .
(11) ΔN = 350d n − −3426.9d 3 n + 2567.3d 2 n + 37.1d n + 0.5 sys_nend sys_n0 .
A second example is setting N end = 35.5 kN corresponding to δ sys_nend = 0.120 mm (Fig. 8) , which yields ΔN = − 4.9 kN, that consequently would result in an application of a normal load 4.9 kN higher, than would originate from k ns in Eq. (5).
The relative errors for the normal loads that would have been applied over the joint are 8% for the first example and 14% for the second, in relation to the loads that should have been applied on basis of k ns .
The first example using the same system normal displacements as were used in the derivation of k sys could typically be used for error estimation before a shear test is carried out, presuming that the correct normal load interval is captured. In the second example, the purpose would be to estimate the normal load error if the actual normal load at the end of the test would deviate from the normal load used in the computation of the system normal stiffness.
The differences in relative errors can be seen comparing the graph of k sys_cont with the graph of k sys versus δ sys_n (Fig. 11) . These plots show the application of the secant normal stiffness of k sys = 350 kN/mm from δ sys_n0 = 0.055 mm to δ sys_nend = 0.095 mm and δ sys_nend = 0.120 mm, corresponding to the first and the second examples, respectively. It is evident that applying k sys to the normal displacement interval from which it has been derived yields a lower relative error compared to the error generated when applied outside this interval. Within the derivation interval, k sys initially overestimates the actual system stiffness, but this is compensated by an under estimation at the end of the derivation interval. Extending the application k sys beyond this interval, yields a continuously increasing under estimation of the actual system stiffness. This explains the lower relative error when applying k sys within the system normal displacement derivation interval, in relation to the relative error when the application of k sys is extended beyond the derivation interval. Fig. 11 Illustration of how the application of a secant system normal stiffness, k sys = 350 kN/ mm, over a normal displacement interval, 0.055-0.095 mm, from which it was derived, yields a lower relative load error, compared with the error generated if it is applied to a normal displacement of 0.12 mm, which is beyond the derivation interval
Discussion
In direct shear test setups, it is unavoidable that displacements in addition to those directly related to the dilatancy are measured. Therefore, to minimize this effect, the test systems, namely all components and interfaces up to the locations where the normal displacement is measured by the displacement transducers, must be as stiff as possible. The existence of this system stiffness, designated as k sys in this study, results in the application of a too low normal load to the specimen. Therefore, the test setup was considered to consist not only of the intended normal stiffness, k ns , which is the stiffness normally set as input to the control system that simulates the effect of the stiffness of the surrounding rock mass as the joint specimen dilatates during shearing. Instead, it was proposed that the test setup could be represented by a model consisting of two springs in series with stiffnesses k sys and k eff . The latter is the stiffness that shall be given as input to the control system, rather than k ns to apply the same normal load as k ns would yield if k sys did not exist.
Applying the effective normal stiffness approach requires quantification of k sys . This is done by carrying out a normal loading test using a stiff dummy test specimen. Then, k sys can be quantified as the slope of the normal stress versus normal displacement curve. Knowing k ns and k sys , k eff is calculated from Eq. (5) and given as input to the closed-loop control system. The result is an improved accuracy in the resulting shear test results, as the effect of applying a too low normal load due to decreased normal displacements originating from the existence of k sys is reduced.
Comments on the Experimental Validation
The experimental results demonstrate a clear influence of k sys on the normal load applied to the joint and the ability of the effective normal stiffness approach to correct for this influence. The validity of this approach was further demonstrated by showing that the difference in normal displacement versus shear displacement response, between the data using the effective normal stiffness and the calculated nominal response, is constituted by the normal load increment divided by k sys . It is pointed out that the expression for the calculation of k eff , Eq. (5), reflects the expected physical behaviour. In a totally rigid test system, k sys is infinite. This means that the second term in the denominator approaches zero, and consequently, k eff equals k ns , as expected.
For the experimental conditions used in this work, the result shows a 13% higher normal stress (or normal load) at the end of the shear test using k eff = 22.0 MPa/mm compared to the test using k ns = 15.0 MPa/mm. For a certain test system, given that the calibration curve is non-linear, the magnitude of the difference depends on the normal load interval. Intervals in the calibration curve corresponding to lower system normal stiffnesses, in the present case, say 1-3 MPa compared with 5-10 MPa (Fig. 4) , will increase the difference in normal load between the application of k eff and no application of it. This also means that to compensate for k sys as accurately as possible, it is of importance to employ a system normal stiffness that corresponds to the interval of applied normal loads. With respect to these comments, the presented results have to be viewed as an illustrative example valid for the test system used in this study.
From Eq. (5), it follows that, for a given value of k ns , the lower k sys is, the larger the need for compensating it with the application of k eff . It also follows that when k sys and k ns are more or less equal, the more sensitive k eff is for variations in k sys . On the other hand, the larger k sys is in relation to k ns , the more reduced the influence of k sys in k eff will be. This is demonstrated by the configuration used in this study. As mentioned in Sect. 4.1, k sys varies in the interval 470-474 kN/ mm, corresponding to a precision of 0.9%. Inserting these interval limits in Eq. (5) yields a precision for k eff of 0.4%.
In the derivation of the system normal stiffness, the intention is to capture all normal stiffness components measured by the displacement transducers, except those originating from the joint specimen. For that reason, all parameters except those resulting from the specimen and the joint should be the same in the normal loading tests for the derivation of the system normal stiffness as for the setup used in the direct shear tests. Even though the conclusions made in this work are applicable to arbitrary test systems used with closed-loop control in direct shear tests under CNS conditions, the presented value of k sys applies to the specific test system used in this work. Therefore, it is of interest to investigate if the value of k sys = 471 kN/mm employed in this study is a representative value of the system normal stiffness for test systems in general. In Konietzky et al. (2012) , the mechanical stiffness of their system was reported to be in the order of 375 kN/mm. The values differ but are of the same magnitude.
All factors up to the locations where the normal displacement is measured by the displacement transducers not having an infinitely high normal stiffness will contribute to k sys . This means that different test systems will have different k sys . As mentioned in Sect. 2, factors influencing k sys could, for example, originate from displacements in the grout, from the contact area between the grout and the specimen holder and from the contact area between the specimen holders and the supporting plates. The lower k sys is, the larger will the error be in the applied normal load in direct shear tests, and the larger will the need be for compensating for k sys by applying a higher value on k eff as input to the control system. Consequently, the closer to the joint the displacement transducers are located, the fewer factors will influence k sys . Ultimately, the displacement transducers should be located directly on the specimen, which would eliminate k sys and the need for correction of it.
As has been demonstrated, to reduce normal load errors, k eff is used as input in the control system. However, due to the existence of k sys , the measured normal displacement will be smaller than would be in case only the effect of the dilatancy of the joint and the stiffness of the specimen material would have been present. Therefore, the normal displacements to be used, for example in modelling work, should be the measured normal displacements plus the normal load increment divided by the system normal stiffness in the case of using the secant normal stiffness.
In the derivation of k sys , the best option would have been to use a steel specimen made in one piece. This would eliminate a possible influence on the normal stiffness from the planar joint. However, given the high precision in k sys , in this case (0.3%, Sect. 4.1), the influence is considered negligible.
Also, the influence of the deformability of the test dummy is considered as negligible. An approximated thickness in the normal direction of 100 mm, a modulus of elasticity of 210 GPa, and a normal stress of 12 MPa yields a normal displacement of 0.006 mm. This is less than 2% of the total normal displacement of 0.32 mm recorded in the normal loading test (Fig. 4 ). This indicates that the derivation of k sys was carried out under stable and applicable conditions.
In the examples used in this work, the total normal displacements as well as the system normal displacements are small. With k eff equal to 22 MPa/mm, the applied normal load close to 90 kN (given a specimen size 100 × 100 mm) at a shear displacement of 8 mm (Fig. 5 ) yields a normal displacement of 0.18 mm (Fig. 6 ). From the angle of inclination of the joint in the steel dummy, the nominal normal displacement is known to be 0.25 mm (Fig. 6) . The difference between these displacements is the influence of the system normal stiffness, which means that, in this case, approximately 1/3 originated from system normal displacements. This implies that even apparently small variations in system normal displacements would have a meaningful impact on the normal loads. In turn, this illustrates the importance of controlled specimen preparation and need of a stiff test system.
Comments on the Error Estimation Procedure
The simplest representation of k sys is by the secant system normal stiffness. However, if the actual system normal stiffness is non-linear, using a secant normal stiffness as an approximation will introduce an error in the applied normal load. Hence, a six-step procedure for the estimation of the normal load error was introduced in Sect. 5.2 using this approximation.
The intended use of the procedure is related to experimental planning to estimate the normal load error for various choices of normal load intervals, resulting in different secant system normal stiffnesses (Fig. 7) . The procedure can also be used to calculate the normal load errors from experimental data, in case the achieved normal load turns out to be higher than the normal load used in the determination of the secant system normal stiffness.
In the derivation of the expression for calculating k eff , the secant system normal stiffness was used as input. The secant system normal stiffness is a constant, but higher order polynomials could also be used in Eq. (5) if the control system allows using higher order polynomial expressions as inputs, which would increase the accuracy using the effective normal stiffness approach. Moreover, also in the presented procedure for the estimation of the normal load error, the secant system normal stiffness was used, but could be substituted with higher order polynomial expressions to model the continuous system normal stiffness.
For error estimations, the normal loads applied by the test system are of most relevance. For any shear test system, the calibration curve should, therefore, be derived in terms of normal loads. From the normal loads, the system normal displacements are determined from the calibration curve. These displacements are then used in the error estimations employing estimates of the system normal stiffness. Neither the intended normal stiffness, k ns , the effective normal stiffness, k eff , nor the measured total normal displacements, δ n , must be known explicitly.
Conclusions
A novel and practicable approach has been presented, the effective normal stiffness approach, to be used in CNS direct shear tests using test setups with closed-loop control. The approach aims to reduce deviations between the intended and applied normal loads, originating from the existence of the system normal stiffness. Validation through direct shear tests indicates a clear influence of the system normal stiffness on the applied normal load (13% for the test system used in this study), as well as the ability of the approach to reduce this effect. In addition, a procedure has been presented to be used for estimating errors originating from the application of an approximate representation of the system normal stiffness.
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